Asset fixity of inputs is tested under state-contingent production uncertainty. We construct a general dynamic dual model for U.S. agriculture that allows tests for full variability and strict fixity to be performed for each input as well as tests for functional form. We estimate the model using a generalized Box-Cox functional form. Most test results are robust to functional form, but test results of fixity are sensitive for two of four inputs. The generalized Leontief is found to be significantly preferred to the translog and normalized quadratic functional forms for the dynamic model. With this functional form, family labor exhibits strict fixity, while land, capital, and hired labor exhibit quasi-fixity.
Introduction
Production is subject to uncertainty. In the agricultural production sector, risks and uncertainties are directly related to the nature of weather and climatic factors which cause fluctuations in yields and farm income. With production risk, producers need to make tradeoffs between adjustment costs and the potential benefits of investment on productive inputs to protect against unforeseen events. An important question arises: how fast do agricultural inputs adjust to their optimal levels when production uncertainty is present?
This study advances the research frontier by providing insights on the interrelationship of risk and input adjustment rates at the industry level.
Input factors can be costly to adjust. Changing capital level may generate disruption costs during installation of the new or replacement capital, learning costs if structure of production changes, and delivery lags and value of time to install and/or build new equipment (Cooper and Haltiwanger 2006) . Changing the level of demand for labor may involve severance pay or job advertisement and other labor search costs (Stefanou 2009 ).
While firms can alter investment strategies to manage production uncertainty, adjustment costs may penalize rapid changes in input levels, leading to a potential discrepancy between actual and desired input levels. For instance, when a drought is expected to occur, a farmer can construct irrigation facilities to maintain or increase output level, but the associated adjustment costs may prevent the producer from making the response instantly. In the case that adjustment costs exceed the expected benefits, the producer may refrain from making the investment.
We construct a general dynamic dual model that allows asset fixity of inputs to be tested under production uncertainty, which is represented using a state-contingent approach that does not depend on agents' risk preferences. The literature on decision making under uncertainty generally uses the expected utility model (e.g., Saha, Shumway and Talpaz 1994; Sckokai and Moro 2006; Tveteras, Flaten and Lien 2011) . However, an increasing number of studies provide accumulated evidence that the expected utility model fails to accurately represent agents' risk attitudes (Rabin 2000; Just and Peterson 2003; Friedman et al. 2014) , and adopting a state-contingent approach offers a preferable framework for presenting uncertainty (Crean et al. 2013) . When applied to a cost minimization problem, Quiggin (1998, 2000) show that this approach accounts for producers' management of uncertainty through input allocation under different states of nature, and that standard duality theory applies the same as for nonstochastic technologies.
Through a state-contingent treatment of uncertainty, we are able to investigate the level of output substitution across states of nature. We represent production uncertainty by a set of mutually exclusive states of nature (e.g., a wet year and a dry year) and assume that producers can prepare differentially for different states of nature. Take an example from Chambers and Quiggin (2000) in which a producer makes decisions to construct irrigation infrastructure and/or flood control facilities using a fixed amount of resource. If irrigation facilities are developed instead of flood control, output will be relatively high in the event of a drought and low in the event of a flood. On the contrary, if efforts are devoted to flood control, output will be relatively low if a drought occurs and high with a flood. This assumption allows for greater flexibility and adaptability and implies a possibility of substitution between state-contingent outputs, i.e., output in a wet year and output in a dry year. In this study, we examine the substitution possibility between state-contingent outputs, as the zero substitution between outputs across states, referred to as an output-cubical technology, is a crucial assumption for studies based on the realized state of nature (e.g. productivity measurement and efficiency analysis).
The contribution of this study is twofold. First, our model broadens the factor adjustment literature to allow for testing of asset fixity under production uncertainty using a state-contingent approach. In this study, uncertainty is represented by mutually exclusive states of nature, and output is state-contingent for each production period. The firm chooses input allocations before uncertainty is resolved. Our model imposes no constraints on asset fixity. With no loss of generality, we initially allow all inputs to be quasi-fixed. After deriving the conditional optimal equations for input demand in a multivariate flexible form, both full variability and strict fixity are tested.
Second, to date the influence of functional form on the validation of asset fixity tests has not been examined. We specify a generalized Box-Cox functional form which nests the three functional forms (i.e., normalized quadratic, generalized Leontief, and translog) that are commonly used in dynamic duality analysis. The preferred functional form among this set is identified using Wald test statistics.
While most hypothesis test conclusions are robust to functional form, we find that the conclusions regarding fixity of capital and family labor are sensitive to functional form. Our functional form tests fail to reject the generalized Leontief but reject both the translog and normalized quadratic relative to the generalized Box-Cox. With the generalized Leontief chosen over the other two nested functional forms, we cannot reject the hypothesis of strict fixity for family labor. Land, capital, and hired labor exhibit quasi-fixity and they adjust 15 percent, 27 percent, and 47 percent, respectively of the difference between current and equilibrium levels each year. Impacts of uncertainty on investments in quasi-fixed inputs are insignificant. Empirical evidence is found to support an output-cubical technology, which suggests that analysis based on realized states of nature is appropriate.
The remainder of the paper is organized as follows. The next section presents the theoretical model. The empirical model follows a discussion of the data. In the results section, we estimate the state-contingent outputs, present the asset fixity results and their implications. The final section concludes the paper.
Theoretical Model
Consider a price-taking, single output firm which makes decisions under production uncertainty to minimize the discounted present value of costs over an infinite planning At any period of time, = 0, conditional on the state-contingent outputs, the firm chooses variable input quantities and investment in quasi-fixed inputs consistent with the dynamic cost minimization problem:
where is the optimal discounted present value of costs in the long run, which depends on the quasi-fixed inputs , their rental prices , price vector for variable inputs , state-contingent outputs , fixed inputs Q, and technical change ; ̇ is the net change in that equals to the gross investment disposed of depreciation; r is the real discount rate;
is a diagonal matrix of depreciation rates. The transformation function provides a general ex ante representation of production technology under uncertainty. It is augmented with gross investment to account for internal adjustment costs in the form of foregone output (Lucas 1967) The Hamilton-Jacobi-Bellman equation of the problem takes the form:
where is the Lagranger multiplier. After applying the envelope theorem, the conditional optimal demand equations for variable and quasi-fixed inputs are obtained as:
If the value function has a form such that = ( − ) −1 where is an identity matrix, equation (4) becomes a multivariate flexible accelerator model,
where M is a constant adjustment matrix and * ( , , , , ) is the optimal level of quasi-fixed inputs in long-run equilibrium.
To examine asset fixity, we impose no constraints on adjustment of inputs prior to the specification of the dynamic system. That is, none are constrained to be completely fixed or fully variable. Instead, all inputs are initially allowed to be quasi-fixed, and tests are conducted to determine whether any do not respond to price changes or production uncertainty or whether any fully respond in a single production period. The demand equation for variable inputs is nested within the equation for quasi-fixed inputs since equation (4) can be rewritten as = −. The degree of factor fixity is investigated by conducting nested hypothesis tests with restrictions placed on the quasifixed inputs. Restrictions for full variability imply instantaneous adjustment to price changes and production uncertainty with no costs of adjustment. For strictly fixed inputs, restrictions imply no response to changes in market or uncertainty due to very large adjustment costs.
Empirical Model
Using the state-contingent approach to model uncertainty, one challenge is to recover the ex ante technology using the incomplete ex post observations, since for each time period , = 1, … , , only one of the possible output realizations is observed. In this study, we use the method proposed by Chavas (2008) that can generate all possible outputs under different states of nature. To recover the ex ante outputs, assume an auxiliary variable that satisfies the condition that the states of nature have the same relative effects on the output as they have on , = . In this study, we use the total factor productivity (TFP) as the ancillary variable, since TFP accounts for all the effects in total output not caused by changes in quality-constant inputs, and in U.S. agriculture, TFP has nearly synonymous growth with output as the total resource base has barely increased (Heisey, Wang and . These values in turn can be used to obtain the simulated state-contingent outputs given by
where is the realized output at time .
The state-contingent outputs incorporate variables for each time period and their elements tend to be correlated in the sample. To avoid generating collinearity problems, Chavas (2008) proposed a parsimonious specification by classifying the states into intervals with 1 = (−∞, 1 ], 2 = ( 2 , 3 ]…, and = [ , ∞),
The output means for each interval are used to define the reduced state space.
Data
We apply the model to the U.S. agriculture production sector over the period 1948-2011.
U.S. agriculture is modeled as a representative firm with one aggregated output produced using five input categories: land, non-land capital, hired labor, family labor, and materials.
Price and quantity data for the aggregate output and input categories come from the U.S. Department of Agriculture (USDA, 2014). These data comprehensively cover inputs used by the agricultural production sector and outputs produced by the sector. The aggregate output includes production of livestock, crops, and output of goods and services from secondary activities. Results of the ARCH model estimation are presented in Table 1 . Six of the eight explanatory variables are significant at the 0.05 level. We find that more expensive family labor or materials relative to output price lead to a significant decrease in productivity while an increase in the relative price of land or hired labor stimulates a significant increase in productivity. Both the public and private agricultural research stocks have significant and positive effects on TFP. Changes in the relative price of capital or in the extension stock do not significantly impact TFP.
Based on the estimation results, we obtain a total of = 64 simulated statecontingent output levels for each year using equation (6). Since multicollinearity problems quickly arise when the partition of state space becomes more accurate, we classify the simulated output space into two states for each period -an unfavorable state 1 and a favorable state 2 . 5 Figure 1 shows the evolution of the ratio 1 / 2 over the time period 1948-2011.
Functional Form
The behavior of the industry is modeled as a representative firm using the aggregate data.
The necessary and sufficient condition for consistent aggregation across firms is that the value function has a form such that = 0. A value function in general Box-Cox (BC)
form that satisfies the consistent aggregation condition takes the form:
( , , , , , ) = + .5
where , , , , E, and are parameter vectors or matrices of appropriate dimension; is symmetric; The vector = [ their original values by which we assume that they have a linear relationship with input demand.
Prices and cost are normalized by one of the factor prices to maintain the theoretically implied property of linear homogeneity. The price of a variable factor is generally used as the numeraire, but it is not applicable in this study since all inputs are initially treated as quasi-fixed. For the initial estimation, we use the price of intermediate goods as the numeraire.
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Treating all inputs as potentially quasi-fixed, we derive the optimal demand equations for quasi-fixed inputs based on equation (4). Since the demand equations of variable inputs and fixed inputs are special cases of equation (4) Replacing ̇ by a discrete approximation of − −1 , the above equation can be written as:
where ̂= , ̂= , ̂= , and the adjustment matrix = − .
The demand equations for the four possibly quasi-fixed inputs (land, capital, hired labor and family labor), i.e., equation (9), constitute the initial estimation system, which is estimated using nonlinear iterative seemingly unrelated regression (ITSUR). 7 In all equations, is the real discount rate (4 percent). 8 If the tests of asset fixity reveal that some inputs are variable, demand equations derived from equation (3) will be included in the estimation system in place of their quasi-fixed input demand equations. If evidence of fixed inputs is found, they will become independent variables in both variable and quasifixed input demand equations, and their quasi-fixed input demand equations will be removed from the system.
Results
In this section, we test for asset fixity and functional form conditional on the simulated state-contingent outputs. The adjustment process and input demand elasticities are investigated based on the preferred functional form.
Asset Fixity Tests
The asset fixity hypotheses and their implied restrictions on the adjustment matrix, = − , are reported in Table 2 . The th row of represents the adjustment process for the th input. The diagonal parameter is the adjustment rate of input . The offdiagonal elements capture the dynamic interaction between pairs of inputs. If the change in input instantaneously fills the gap between its actual level and optimal level in one production period and its adjustment is independent of the adjustment path of other 7 The demand equation for the numeraire factor (i.e., materials) is not estimated as part of the system due to its complexity and because most of the relevant information about materials demand can be obtained from other estimated parameters of this system of equations. 8 The real discount rate is calculated as the average annual nominal yield on Moody's Baa corporate bonds over all maturities less the rate of inflation over the data period, 1948-2011. inputs, then there are no adjustment costs and the input is fully variable. If the adjustment of input does not respond to relative changes in prices or production uncertainty and if it does not depend on the adjustment path of other inputs, then the input is strictly fixed. If it is between these two cases, i.e., it adjusts partially in one production period, then it is quasi-fixed. Table 3 provides the asset fixity test results for the Box-Cox functional form as well as the three nested functional forms. The hypotheses of full variability, strict fixity, and independent adjustment of all inputs are rejected by all functional specifications at the 0.05 significance level, implying the quasi-fixity of the dynamic system. All functional forms also reject the hypothesis of full variability for each input at the 0.05 significance level, implying the existence of adjustment costs in input demand for each input. Rejection of the hypothesis of strict fixity for land and hired labor is also consistent across functional forms. However, the tests for strict fixity of capital and family labor inputs are sensitive to functional form. The NQ and BC fail to reject the hypothesis of fixed capital while the TL and GL reject it at the 0.05 level. The TL, GL and NQ fail to reject the hypothesis that family labor is strictly fixed while the BC rejects this hypothesis at the 0.05 level.
The conclusion that the U.S. agricultural production system adjusts to its optimal level sluggishly is robust to functional form. This result is in accord with the findings of Vasavada and Chambers (1986) , Luh and Stefanou (1996) , and Asche, Kumbhakar and
Tveteras (2008), and Yang and Shumway (2015) although none considered production uncertainty. Strong support is found for the existence of adjustment costs in individual adjustment paths of inputs, as all the functional forms reject the hypothesis of full variability for each input. Vasavada and Chambers (1986) also found the adjustments of aggregated labor, capital and land are sluggish in U.S. agriculture. The hypothesis of full variability of capital (including land) and labor were also soundly rejected by Luh and Stefanou (1996) and Asche, Kumbhakar and Tveteras (2008) . The rejection of fixity for land and hired labor is robust to functional form, suggesting they are both quasi-fixed inputs, but the hypothesis tests of fixity for capital and family labor are sensitive to functional form. Most support is found for strict fixity of family labor since it cannot be rejected by three of the four functional forms. Only a few previous studies have examined the fixity characteristics of inputs. The work of Asche, Kumbhakar and Tveteras (2008) suggest that capital (including land) and aggregated labor do not exhibit strict fixity when outputs are allowed to be fully variable. Consequently, our results based on cost minimization differ in this important respect from prior dynamic literature.
The preferred functional form among the TL, GL, and NQ is identified using the Wald test. Nested test results are reported in Table 4 
Implications
Based on the test results for asset fixity and choice of functional form, we re-specify the model with the generalized Leontief functional form and treat family labor as strictly fixed. The final estimation system consists of demand equations for the three quasi-fixed inputs, i.e., land, capital and hired labor. The demand equation for family labor is removed from the system. Given the value function in (7), quantity of family labor is included as an explanatory variable in all equations in (9) (i.e., the matrix term ̂ is added with ̂= ). The adjustment matrix is derived from the estimated parameters of the matrix with = − . The diagonal parameters are own adjustment rates, which are -0.1504 for land, -0.2705 for capital and -0.4746 for hired labor. They imply that land, capital, and hired labor adjust in one year by 15 percent, 27 percent, and 47 percent, respectively, of the divergence between actual and equilibrium levels. These values suggest that the adjustment lags to equilibria are about 7 years for land, 4 years for capital, and less than 3 years for hired labor. The off-diagonal parameters in the adjustment matrix reflect how the disequilibrium in one input affects the adjustment rate of the other. The adjustment paths of land and hired labor are significantly interrelated to each other but have asymmetric effects. When land and hired labor are both below or above their own optimal levels, disequilibrium in hired labor increases the adjustment rate of land while disequilibrium in land slows the adjustment speed of hired labor. When land and hired labor are on the opposite sides of equilibrium, e.g., land is above but hired labor is below the equilibrium, the adjustment rate of land decreases while the adjustment rate for hired labor increases. The adjustment path of hired labor also depends on the disequilibrium in capital. If they are on the same side of equilibrium, adjustment speed of hired labor increases. If they are on the opposite sides, its adjustment speed decreases.
Matrix ̂ and ̂ represent the effects of alternative states of nature on input demands. None of the parameters are significantly different from zero, indicating that the production uncertainty has very limited impact on investment decisions in land, capital and hired labor. A possible explanation is that costs related to input adjustments may exceed the potential benefit from investments on inputs to protect against uncertainty.
Substitution between outputs across states of nature (i.e., output in unfavorable state and output in favorable state) implies that resources are allocated in a way that improves output level in one state of nature, while leaving it unchanged or reduced in another state.
For each demand equation , given the input level, substitution between state-contingent outputs is captured by the elasticity of 1 with respect to 2 , which is represented as = −̂2 +2̂2 log( 2 )+̂2 log ( 1 ) 1 +2̂1 log( 1 )+̂2 log( 2 ) , = 1, 2, 3. For the demand equations of land, capital and hired labor, the p-values of the elasticities are 0.5453, 0.8099, and 0.2292 respectively.
Thus, none is significant, which provides evidence in favor of an output-cubical technology and suggests that an ex post analysis conditional on the realized states of nature is appropriate. This finding is consistent with that of Chavas (2008) and Serra, Stefanou and Lansink (2010) , both of which found very limited output substitution between states of nature.
The parameters of matrix ̂ capture the impacts of public and private agricultural research and public extension on input uses. An increase in agricultural extension significantly reduces the demand for land at the 0.10 level, and an increase in public agricultural research significantly reduces the demand for hired labor at the 0.05 level.
The dependences of quasi-fixed inputs on the level of the fixed input (i.e., family labor)
are provided by matrix ̂. The demand for hired labor is significantly and positively related to the level of family labor, which implies that they are complements.
Price elasticities for input demands in both the short run (one production period) and long run are presented in Table 6 . Since the long-run elasticities are highly nonlinear, their significance levels are determined using the bootstrap technique in which we obtain lower and upper bounds of confidence limits at the 0.05 and the 0.10 levels. 9 The hypothesis that the long-run elasticity equals to zero is rejected if zero lies outside the approximate confidence interval. In the short-run, the own-price elasticities of capital and hired labor are negative and significant at the 0.05 level. Two short-run cross-price elasticities are significant at the 0.05 level and two at the 0.10 level. Land is a substitute for hired labor and a complement to capital and materials. Hired labor is a substitute for materials. In the long run, the own-price elasticity of hired labor and its cross-price elasticity with materials are significant at the 0.10 level.
All estimated own-price demand elasticities are negative except the very small and insignificant short-run demand for land. All long-run values are at least as large in absolute values as the corresponding short-run elasticities, which is consistent with the Le Chatelier theorem. Except for long-run demand elasticities of capital with respect to the prices of capital and materials (both of which are insignificant), all demands are inelastic.
Consistent with its estimated rate of adjustment toward equilibrium being the slowest among all the quasi-fixed inputs, the inelasticity is particular pronounced for land in both the short run and the long run.
Conclusions
When production uncertainty is present, producers' investment decisions are outcomes from the tradeoff between costs related to input adjustments and the benefits from investment in inputs to manage risk. Examination of asset fixity under uncertainty is especially important for the agricultural production sector because production uncertainty due to weather fluctuations is an essential feature. This study employs a general dynamic dual model that allows asset fixity to be tested. A state-contingent approach is used to represent production uncertainty within a dynamic framework. We specify a Box-Cox functional form which nests the translog, generalized Leontief, and normalized quadratic that are commonly used to estimate dynamic adjustment costs. We apply the model to U.S. agricultural production over the period 1948-2011.
Hypotheses of instantaneous adjustment, independent adjustment, and fixity of all inputs are strongly rejected by all functional forms, indicating quasi-fixity of the overall production system. The test results against treating individual inputs as variable inputs are also robust to functional form, which documents the existence of adjustment costs for each input. Results indicate that the delineation of inputs between quasi-fixed and strictly fixed categories is sensitive to the choice of functional form for two of the inputs -capital and family labor.
Based on the tests for nested functional forms, the generalized Leontief is chosen over the translog and normalized quadratic. It is not rejected against the alternative of the Box-Cox functional form, and both the translog and normalized quadratic are rejected. Tests results with the generalized Leontief support strict fixity for family labor and quasi-fixity for land, capital, and hired labor. The estimated adjustment rates for the three quasi-fixed inputs are 15 percent, 27 percent, and 47 percent, respectively. Their adjustment lags to adjust all the way to equilibrium levels are 7, 4, and less than 3 years, respectively.
We find that production uncertainty has very limited impact on quasi-fixed input investment decisions. It appears that adjustment costs may exceed the benefits of investment that protects against uncertainty. The insignificant elasticity between statecontingent outputs support the hypothesis of an output-cubical technology. Therefore, we find no evidence that ex post analysis of stochastic technology conditional on realized states of nature in U.S. agricultural sector is inappropriate.
The methods used in this paper are subject to important limitations. The limitations include our restricting the number of state-contingent outputs to two.
Although the approach we used is tractable and theoretically consistent for any number of state-contingent outputs, a collinearity problem arises in empirical analysis when a third state is added. A finer partition of state space would render a more flexible representation of the underlying technology. It would be useful for future research to explore advanced econometric methods that can handle high collinearity more gracefully (e.g., the maximum entropy or cross entropy approach), but also are easily applicable to highly nonlinear models. Level of significance: ** p<0.05, * p<0.1. Parameters codes refer to the parameter vectors and matrices in equation (9). For example, is the ijth entry of matrix , i,j=1,2,3, 1 is land, 2 is capital, and 3 is hired labor; i has the same meaning for all matrices; in matrix ̂, j=1, 2, 1 is unfavorable state and 2 is favorable state; in ̂, j=1,2,3, 1 is unfavorable state, 2 is interaction of the two states of nature, and 3 is favorable state; in ̂, j=1, 2, 3, 1 is public research stock, 2 is private research stock, and 3 is public extension stock. 
